The grain size dependence of yield stress has been investigated for nanocrystalline (nc) bulk aluminum produced by hot extrusion of ballmilled powders. The Hall-Petch slope is positively deviated as the grain size is reduced below 60 nm. For the specific grain size range from 60 nm down to 48 nm, structural analyses and estimation of deformation mechanism exhibit that perfect dislocation emission critically governs deformation of nc aluminum, since the inherent aluminum properties of high stacking fault energy and low twinability can not afford any other deformation modes.
Introduction
The dependence of deformation behavior on the grain size in metals has been extensively studied over the past few decades. 1) Especially, nanocrystalline (nc, the grain size below 100 nm) metals generally exhibit alternative deformation mechanisms depending on ultrafine crystalline (ufc, the grain size in the range from 100 nm to 500 nm) or microcrystalline (mc, the grain size above 500 nm) metals; [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] plastic deformation by means of intragranular slip becomes to lose its significance. For ufc and mc metals, yield stress follows the Hall-Petch relationship; 2, 3) greater stress is concentrated near the adjacent grains due to the presence of multiple pile-up dislocations, leading that as the grain size increases, yield stress decreases. In the nc regime, on the other hand, the absence of forest dislocations within the grains can transfer plastic deformation mechanisms to be mediated by grain boundaries, providing yield stress deviated from the Hall-Petch relationship. [4] [5] [6] [7] [8] [9] [10] It has been documented that nc nickel has showed emission of partial dislocations at grain boundaries accompanied by the formation of stacking faults and deformation twins, reducing the slope of the Hall-Petch relation. 11) Limited intragranular slip, enhanced atomic shuffling, or stressassisted free volume migration has been reported, leading to an inverse Hall-Petch behavior. 9, [12] [13] [14] Molecular dynamic (MD) simulations have also support the experimental observations. 15, 16) In spite of the massive reports for fcc (face-centered cubic) metals in the nc regime, the relations between the grain size and flow stress have been generally profiled to exhibit that the slope of the Hall-Petch curve decreases or becomes negative. However, it could be differentiated in various materials with a range of geometric parameters for dislocations and stacking fault energy (SFE). According to the model for emission of perfect dislocation, yield stress might increase with respect to d À1 rather than d À1=2 (where d is the grain size), providing positive deviation of the Hall-Petch relation. 11) For the specific condition (specific grain size region and material), the positive deviation could be observed if perfect dislocation acts as a main deformation mechanism without twining or grain boundary sliding. In this study, we firstly report a positive deviation from the Hall-Petch relation for bulk nc aluminum. Deformation behaviors of a large scaled bulk nc aluminum have been analyzed with mechanism-based properties of stacking fault energy and twinability. 11, 12, 17) 
Experimental
Nc aluminum rods (8 mm in diameter) were prepared by hot extrusion of ball-milled aluminum powders (99.5 mass% in purity). Since a long time pre-heating before extrusion could accompany with grain growth, 18) the compacted can was heated to the extrusion temperature of 450 C with a strictly controlled heating rate of 20 C/min and immediately extruded with an extrusion ratio of 15:1 at a ram speed of 2.3 mm/s. Six different rods were produced with a variation of the milling time (i.e. 8 h, 12 h, 18 h, 24 h, 48 h, and starting powders for comparison). The step strain rate tests were carried out by instantaneously changing the cross-head speed to investigate the mechanical properties of the extruded rods, using an Instron-type machine at room temperature.
The ball-milled powders and corresponding hot-extruded rods were analyzed using X-ray diffraction (XRD, Rigaku, CN2301) with CuK radiation source to estimate the grain size by the Scherrer formula. 19) The grain size was also determined using a transmission electron microscopy (TEM, JEOL 2000).
Results
The average grain size and corresponding mechanical properties of the rods are summarized in Table 1 . The grain size rapidly decreases with increasing the milling time, and it is found to be about 48 nm in the grain size for the sample milled for 48 h. In addition, a significant increase of flow stress is observed as the grain size decreases. Aluminum bars with 48 nm in the grain size exhibits around 12 times higher yield strength than that of the sample fabricated using the starting powders. Strain hardening exponent (n), obtained from the stress () -strain (") curves in the plastic regime ( ¼ k 0 " n , where k 0 is constant), decreases with decreasing the grain size. Compared to the value of mc aluminum (n ¼ 0:26), the n value of the aluminum with 48 nm in the grain size is around 14 times lower as demonstrated in other nc metals.
20)
The mechanical properties could be affected by the presence of oxides and/or impurities contained during the milling and extrusion processes. An amount of oxygen and iron in the aluminum powders is listed in Table 1 . It indicates that just small amount of oxygen and Fe-based impurities could be enclosed during the fabrication process and they could not significantly affect the mechanical properties of the fabricated aluminum. Figure 1 exhibits stress vs. strain curves for the samples in which strain rate varies in the range of 1 Â 10 À5 s À1 to 3:5 Â 10 À3 s À1 . The dot lines show the stress-strain curves at a fixed strain rate of 5 Â 10 À4 s À1 , respectively. The values of strain rate sensitivity, m ¼ d log =d log _ " " (where _ " " is a strain rate), and activation volume, v ¼ ffiffi ffi 3 p kT=m 21) (where k is the Boltzmann constant, T is the absolute temperature), are listed in Table 1 together with the reported data for copper having relatively low SFE. [22] [23] [24] It evinces that the reduction in the grain size from micro to nano regime causes a significant increase in the strain rate sensitivity and reduction in the activation volume in both face-centered cubic (fcc) metals.
The observed deformation behaviors in nc aluminum such as negligible work hardening exponent, high strain rate sensitivity, and low activation volume are originated from low density of lattice dislocations within the grains. It arises because dislocations inherently located grain boundaries thoroughly cross the grains as demonstrated by molecular dynamic simulations. 15, 16) Even though strain rate sensitivity significantly increases in the nc regime, the value is still far below that estimated when conventional grain boundary sliding occurred at high temperature is mainly operated during plastic deformation (m ¼ 0:5).
11)
A high-resolution TEM (HREM, JEOL 4000EX) was utilized to investigate the changes of grain morphology after 10% plastic deformation for nc aluminum with 48 nm in the grain size, as given in Fig. 2(a)-(c) . Interestingly two different types of grains are observed; large grains around 50 nm ($95% in volume) and spherical small grains around 10 nm ($5% in volume) as marked with the dashed circles in Fig. 2(a) . Any dislocations were not observed inside the large grains as shown in Figs. 2(a) and (b) (marked by a rectangle in (a)). On the other hand, stacking faults with one atomic thickness formed by dissociated dislocations are observed in small grains as shown in Fig. 2(c) (marked by arrows in (a) ). The small grains located near the large grains can be developed during the hot-extrusion process via dynamic recrystallization.
Discussion
To investigate the transition of deformation mechanism in the nano regime, yield stresses of aluminum presented in this study together with the previously reported data in the literatures 25, 26) are plotted as a function of the grain size (d À1=2 ) in Fig. 3 . Furthermore, the calculated flow stresses based on Hall-Petch equation, 21) deformation twin 12 , emission of partial and perfect dislocations 11) are also included for comparison. Based on the current estimation, deformation modes of aluminum at room temperature can be differentiated into two regions according to the grain size.
Over 60 nm in the grain size (regime I), yield stress of aluminum follows the Hall-Petch relation ( ¼ 0 þ Kd À1=2 , where K and o are 0.2 kg/mm 1=2 and 9.8 MPa 21 , respectively). In the regime, as demonstrated in Hall-Petch strengthening behavior, plasticity can be operated under lattice dislocation interactions with grain boundaries, and forest dislocations lead to high strain hardening exponent and low strain-rate sensitivity.
2,3)
For the grain size range from 60 nm down to around 40 nm (regime II), on the other hand, yield stress of aluminum positively deviates from the Hall-Petch relation, following the dependence of d À1 rather than d À1=2 . The relation between the transition grain size of $60 nm and a dislocation cell size (l c .) may be written as follows 27) l c ¼ A c Gb= ð1Þ
where A c is a constant of 10, and G is shear modulus (35 GPa). When transition occurs from region I to II, the dislocation cell size is ten times larger than the grain size so dislocation pile-ups at the grain boundaries cannot be observed, suggesting that emission of partial or perfect dislocations from grain boundaries becomes a main deformation mechanism.
Asaro et al. 11) have proposed a simple model for a partial dislocation emission and the stress for emission may be expressed as
and the stress for a perfect dislocation emission may be written as
where is critical resolved shear stress, À is reduced stacking fault energy (À ¼ sf =Gb, sf is intrinsic stacking fault energy, 142 mJ/m 2 ), and ( ¼ d= eq , eq % b=12À) is the equilibrium spacing of partial dislocations in the unstressed aluminum.
Based on the criterions for emission of partial and perfect dislocations mentioned above, a transition from perfect to partial dislocation emission may be expected at a grain size d t ,
where d t of aluminum is calculated to be 13 nm, which is very small in comparison with that of copper ($40 nm).
11) The estimations are well matched with the HREM observations (Fig. 3) , in which dissociated dislocations is frequently observed in the $10 nm-sized grains and any dislocations are not observed in the $50 nm-sized grains. Furthermore, once a leading Shockley partial dislocation emitted from grain boundaries travels away only to a splitting distance, and subsequently a trailing partial dislocation emitted from grain boundaries could react with a leading partial dislocation to be a perfect dislocation. 28) In the case, intervals from the leading to trailing dislocation, , is approximately expressed to be 11) 1 À sf = us ð5Þ
Where, us is the unstable SFE. The interval of aluminum is estimated to be 0.1, which is very small in comparison with that of copper (0.8) 11) and even nickel (0.3), 11) so the trailing dislocation emitted just after the lead dislocation could easily react with the leading dislocation to be a perfect dislocation. In a word, stacking faults in aluminum could not easily pass through the whole grain due to high SFE and also easily combined with almost simultaneously emitted trailing partial dislocations due to relatively low unstable SFE. For other nc fcc metals representing a wide range in SFE, deformation twins are frequently observed in the nano grains. 27, 28) Twinability, T, is defined as 11) T
where crit is a measure of the increased load necessary to nucleate the trailing partial relative to the leading partial, and ut is the unstable twinning energy. Aluminum presents the lowest value of us = ut below 0.8 among nc fcc metals, so twins are rarely observed in the aluminum. Although Liao et al. 28) have suggested the process of twin formation by dynamic overlapping of two extended partial dislocations with stacking faults on adjacent slip planes, it could be generated from the locally concentrated stresses by the high energy ball milling process. In such case, multiple twins are widely located in the interior of grains, which is different from conventional twins formed at the twinning plane.
Conclusions
In summary, a positive deviation from the Hall-Petch relation for nc aluminum is experimentally reported and discussed with theoretical estimations especially focused on SFE. As the grain size is reduced below 60 nm, the dislocation cell size becomes much larger than the grain size so a clear transition in deformation mechanism from activities of forest dislocations is observed and it modifies mechanical properties of nc aluminum. Negligible work hardening rate, relatively high index of strain rate sensitivity, and low activation volume in compression tests also demonstrate the particular deformation behavior. In general, various deformation mechanisms compete in the nano regime, and activities of twins or grain boundary sliding afford the negatively deviated Hall-Petch slope. However, due to low twinability and high SFE for aluminum, partial dislocations and twins occasionally observed in other fcc metals are not dominant and dependency of flow stress on the grain size just follows the perfect dislocation emission model, clearly exhibiting the positive deviation from the Hall-Petch relation.
